We address magnetically driven motion in suspensions of paramagnetic particles. Our object is diluted deoxygenated whole blood with paramagnetic red blood cells (RBCs). We use direct observations in a closed vertical Hele-Shaw channel, a well-defined magnetic force field applied horizontally in the channel plane. At very low cell concentration we register single-particle 
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, their understanding to be of essential importance to a range of traditional industries and sophisticated modern applications. Recently, in relation with the emerging diagnostic applications of microfluidic analytical systems, much attention has been drawn 2 by the old tempting idea 3 of magnetically driven separation of submagnetic microparticles, especially biological particles, with the use of their intrinsic magnetic differences and high-gradient magnetic fields. The immediate subject of these studies is blood which is extensively used for diagnostics, and which is known for the noticeable among biological matters difference in magnetic susceptibilities of the white and the deoxygenated red blood cells whose hemoglobin iron is in high-spin paramagnetic state. Nevertheless, magnetic force that can be applied to RBCs in microfluidic systems is relatively small, so that efficient magnetic schemes of cell manipulation became the main concern of current studies, their conception not going beyond the single-particle motion theory.
In this communication we present first experimental evidence of intricate cooperative behavior in magnetically driven suspension of deoxygenated RBCs, and formulate its basic . Thanks to the possibility of controlling the driving force intensity and configuration, magnetic sedimentation represents an intriguing subject for this brunch of science.
Fig.1
Schematic of measuring microfluidic cell (a), and trajectories of RBC in sample S1.5 (b).
To study magnetically driven suspensions at both single-particle and macroscopic scales we use quasi two-dimensional experimental model that ensures simple deterministic conditions, visualization, and, in case of dilute suspensions, tracking of individual cells. Our experimental setup is the slightly modified magnetophoretic trajectory-tracking magnetometer recently developed for accessing magnetic properties of submagnetic microparticles and cells 7 . The suspension sample is confined in a slot vertical rectangular channel with its depth (0.12 mm) much smaller than the width ( 0.96 W = mm) and the width much smaller than the height (20 mm). The motion proceeds under the action of the mutually perpendicular (in the channel plane) gravity and magnetic force fields. The latter is created by a soft-magnetic cylindrical rod that abuts against one of the vertical channel edges and is magnetized (magnetization 1210 I = emu/cm 3 ) by the uniform horizontal magnetic field with intensity 0 9600 H = Oe applied in the channel plane (Fig. 1a) . The rod diameter (1mm) is small as against the channel height and large as against the channel depth, so that the driving magnetic force, except for the border regions 
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near the rod ends, is directed horizontally in the channel plane, is uniform along its both high and depth, and has a simple analytical representation 7 , which makes this model fit for experimental and theoretical studies. The observation can be done both inside and outside magnetic field. The sample is delivered into the channel by a microhydraulic system (see ref. 7) , its outlet being sealed prior to the registration to set the suspension as a whole motionless. Experiments are performed with suspensions prepared by diluting fresh fingertip blood of one of the authors with the pharmaceutical saline solution (+ 2% of serum albumin), followed by a 40 min blowing-off each sample, in a sealed slightly rocking penicillin battle, with nitrogen. The overwhelming majority of observable cells are RBSs, the white cells are as rare as one in a million. The 2.5 mm high observation area is situated half way along the channel, the digital microscope with the pixel size of 2.55x2.55 µm gives clear display of red and white cells, and shadows of the platelets. In this very first study, we put aside the detailed mesoscopic motion characterization, and deal mainly with the global behavior. 
Egn. (2) 
The first Eqn. (3) 
It should be pointed out that these equations, as well as Eqns. (1)- (3) The driving magnetic force field in Eqn. (4d) is given by the relation 
Here R is the magnetic road radius. An important analytical result from the motion equation (4d) is the overall separation time,T , in the single-particle approximation. This is the time for cells to cross the whole channel, for which Eqn. (5) with 0 k = yields ( )
Here ( ) 
The number concentration of cells in the studied samples amounted to 1.5, 3, 6, 12, 24, 48, (4d, 5, 6) gives the time-varying cell distribution which is in good agreement with measurements performed in very diluted suspensions. Here we skip these data for the sake of a more interesting cooperative phenomenon arising as the cell concentration increases, its precondition to be the above mentioned peculiarity of magnetic attraction of RBCs toward magnetic rod: strong near the rod and rapidly decreasing on moving away from it.
To illustrate our observations in more concentrated suspensions we use the snapshots of the time-varying cell distribution (Fig. 2) , and the maps of short-time tracks of moving cells (Fig.3) .
The latter we obtain by processing of the original videos that includes first grayscale and then binary conversion (by appointing the gray image points, using an appropriate intensity level, to either cells (intensity 1) or the background (intensity 0), followed by compositing four successive frames taken in 1 c intervals. Increasing cell concentration exposes clearly an important peculiarity of the process: a relatively rapid cell depletion of the magnetic rod-adjacent region creates rather step invert stratification of cell concentration (Fig. 2) . In the stratified region, the first obvious deviation from the basic state appears at still rather low initial concentration ( 3 24 10 n = ⋅ mm -3 , 0.0022 c = ) in the form of large-scale, quasi-periodic along the channel height, granular structure (Fig. 2) . The cell tracking maps in this sample (Fig. 3b,c) show the global vertical flow and the accelerated horizontal motion of cells within more concentrated 
(toward magnetic rod) suspension brings cells from the more concentrated remote part of the channel, while the ascending suspension is depleted of cells pulled out on passing the near-rod area. Noteworthy is the spotty velocity/concentration pattern (Fig. 3b) developed prior to the global instability. The intensity of the hydrodynamic motion increases with increasing cell concentration (Fig. 3e,f) bringing about the intricate swirling structure with flow velocity far exceeding that of single cell magnetophoresis (Fig. 3f,g,h) . Point out that the spatial scale (about 1 mm) of this quasi-periodic structure does not depend on the cell concentration (Fig. 3 c,e,g) and should be related with the scale of the magnetic field nonuniformity, the magnetic rod diameter. Theoretical analysis of the observed granular magnetophoretic instability represents a challenging problem, unusual for hydrodynamics. Its peculiarity is the absence of a steady motion state, the magnetic sedimentation process to be entirely transient, the introduced basic state equations not having analytical solution, on which perturbations could be imposed. The understanding of the true nature of the hydrodynamic instability, which clear signs appear in sample S24 with the mean distance between cells, 1 3 35 n − ≈ µm, only about 3 times smaller than the channel depth, may need more complicated consideration with account for the interplay between mesoscopic (interparticle) and macroscopic hydrodynamics, an important issue of the driven suspension mechanics.
In conclusion, our observations shed light upon behavioral complexity of magnetically driven submagnetic suspensions, an issue, important for the emerging microfluidic technology of direct magnetic cell separation and intriguing for mechanics of particulate soft matter.
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